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Nanowire1. Introduction
Nanowire transistors are being successfully used in bio-chemical
sensing applications for many years. It has been proved effective as a
sensing device in a variety of applications such as sensitive detection
of viruses [1], ultra-sensitive detection of a bacterial toxin [2], pH sens-
ing [3], DNA sensing [4], label-free detection of protein molecules [5]
and sensing of many other biological and chemical species. Due to the
promising features of nanowire as a bio-sensing device, a number of
studies have been performed on the analysis of its sensitivity. The size
dependence of nanowire sensor for biomolecule detection has been
analysed experimentally [6]. Semi-classical modelling of nanowire
conductance change due to the capture of bio-molecules on its surface
considers the effects of surrounding ﬂuidic environment and electrolyte
concentration along with the sensor's device parameters [7]. Analytical
model of conductance based on global charge neutrality condition
shows the optimization procedure of nanowire performance by tuning
doping concentration anddifferent structural parameters [8]. Numerical
study on the operation of Si nanowire biosensor based on different
physical models describes the key factors and their contribution on
the sensitivity, linearity and stability of these sensors [9]. Biasing a nano-
wire FET in different regions of a device, it has been found that sub-
threshold region is the optimum one for the sensing purposes [10].. This is an open access article underIn this paper, we focus on the sensitivity analysis of a nanowire sen-
sor in subthreshold region. We divide the whole subthreshold region
into two parts according to the depleted volume of the nanowire due
to the applied gate voltage. Our work addresses the difference in nano-
wire sensor's performance due to this fully depleted and partially
depleted condition while operating in the subthreshold regime. We
propose a new analytical method for ﬁnding radial electrostatic poten-
tial of a silicon-nanowire in thewhole subthreshold region. Electrostatic
potential, conductance and sensitivity for both the partially depleted
and fully depleted nanowires in the subthreshold region have been
analysed back to back to investigate the signiﬁcance of these two condi-
tions of the device on different sensing experiments.
2. Electrostatic potential model
The model suggested here for the radial electrostatic potential of a
Silicon (Si) nanowire considers a cylindrical gate all around (GAA)
structurewith a P type doping in its body.We consider the conventional
deﬁnition of the subthreshold regionwhich says that it exists in a device
in its depletion region until the device becomes inverted strongly [11].
The gate voltage ranges from the ﬂat band to the threshold level to
keep a semiconductor device in the subthreshold region [12].In the
subthreshold region, the inner volume of a nanowire remains partially
depleted up to a certain voltage level which causes its depletion width
to reach the centre of the device. With the further increase in the
gate voltage, the device becomes fully depleted and starts to gather in-
version charges. Our proposed model separately calculates the radial
electrostatic potential of the nanowire for the two depleted conditionsthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Cross section for the partially depleted and fully depleted nanowire.
Fig. 2. Energy band diagram and electrostatic potential reference. The intrinsic Fermi level
of the bulk nanowire body is considered as the radial electrostatic potential reference. All
potentials are considered as the deviation of the intrinsic Fermi level from that of the
unmodulated bulk nanowire.
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be solved in cylindrical coordinates due to our device consideration.
Poisson's equation considers just the ﬁxed charges of doping atom for
the both parts of the subthreshold region. This consideration is valid
for the whole subthreshold region because in the partially depleted
condition the device is not inverted yet and in the fully depleted condi-
tion, inversion charges though present but still can be safely neglected
for a particular range of doping concentration [13].
2.1. Partially depleted mode
In partially depleted mode, a part of the nanowire inner volume
proportional to its depletion width from the surface is occupied with
ﬁxed dopant charges. There is no inversion charge in this mode. The
nanowire device studied here has a radius of R unit and its undepleted
volume has a radius of Rd. unit from its centre. The remaining part of
the volume is deﬁned as the depletion region. The electrostatic potential
inside the nanowire can be found by solving Poisson's equation in a
cylindrical coordinate for the deﬁned geometry.
Poisson's equation in the cylindrical coordinate can be written as
1
r
d
dr
r
dϕ
dr
  
¼ qNa
εsi
;Rdbr≤R ð1Þ
[13]
Where
ϕ radial electrostatic potential
r radial distance from centre of the device
Na doping concentration
εsi permittivity of the silicon.
Integrating Eq. (1) after multiplying by r we get,
r
dϕ
dr
¼ qNar
2
2εsi
þ C1: ð2Þ
C1 is an integrating constant.
Integrating Eq. (2), we get,
ϕ ¼ qNar
2
4εsi
þ C1 lnr þ C2: ð3Þ
C2 is another integrating constant. C1 and C2 can be evaluated from
the available boundary conditions we have.
From Fig. 1, the space between r=0 to r=Rd. is free of charges and
as a result free of any electric ﬁeld. Since the nanowire body is unmod-
ulated by the gating effect in this region, according to our considered
potential reference described in Fig. 2, the absolute potential of that
region can also be considered as zero. The intrinsic Fermi level of the
unmodulated body of the nanowire which is KT lnðNani Þ unit below the
Fermi level has been considered as the reference for all of the device
potential in this work.
The electric ﬁeld, dϕdr jr¼Rd ¼ 0 yields C1 ¼ −qNaRd
2
2εsi
from Eq. (1) and
ϕ |r=Rd=0 yields C2 ¼ qNaRd
2
4εsi
ð2 lnðRdÞ−1Þ from Eq. (2). Now we are
only left with the value of unknown Rd. to ﬁnd the electrostatic radial
potential in the partially depleted part of the sub-threshold region in-
side the nanowire. Combining electric ﬂux continuity and the Gauss
Law at the silicon–oxide interface, we get another boundary condition
that relates surface potential, ∅s and gate-source voltage, vgs to the
total charge inside the nanowire [14].
Cox Vgs−ϕms−ϕs
  ¼ qNaπ R
2−Rd
2
 
L
2πRL
ð4ÞHere, Cox ¼ εoxðR ln ð1þtoxR ÞÞ is the gate oxide capacitance [15],εox is the
permittivity of the oxide, tox is the oxide thickness, and ∅ms is the
metal semiconductor work function difference.
Putting r= R in Eq. (3) we get,
ϕs ¼ ϕ r¼R ¼
qNaR
2
4εsi
þ C1 lnRþ C2
 ð5Þ
By combining Eqs. (4) and (5) we get the following equation, the
solution of which gives the value of Rd.
qNa
4εsi
R2−Rd
2
 
þ qNaRd
2
2εsi
ln
Rd
R
 
¼ Vgs−ϕms−
qNaR
2Cox
þ qNaRd
2
2RCox
: ð6Þ
All of the analysis performed in our work considers a nanowire de-
vice of radius 10 nm, length 300 nmand gold (Au) as the gate electrode.
In Fig. 3(a) and (b), electrostatic potential for a partially depleted nano-
wire for different gate voltages has been shown for two doping concen-
trations Na = 1 × 1024 m−3and Na = 1 × 1025 m−3respectively.
The partial depletion mode of a nanowire within the subthreshold
region starts with the ﬂat band gate voltage and ends with the gate
voltage for which the depletion width reaches the centre of the device.
Fig. 3. Electrostatic potential for different gate voltages in the partially depleted mode of the subthreshold region (a) with doping concentration, Na = 1 × 1024 m−3 (b) with doping
concentration, Na = 1 × 1025 m−3.
57M.B. Majumder et al. / Sensing and Bio-Sensing Research 7 (2016) 55–61The ﬂat band voltage is same as themetal semiconductor work function
difference (∅ms) if we neglect the trapped charge at the oxide semicon-
ductor interface [11]. The gate voltage for which the depletion width
inside the nanowire reaches its centre is essentially the same voltage
for which the fully depleted region just starts. The expression of this
voltage is derived in Eq. (11). For Na = 1 × 1024, the ﬂat band voltage
of our considered nanowire device is−0.24 V and the gate voltage for
which the whole inner volume of the nanowire becomes depleted is
−0.16 V. The relationship of the ﬂat band voltage and doping concen-
tration is given in ref. [11]. So the electrostatic potential curves of the
nanowire device operating in the partially depleted part of the sub-
threshold region can be found by varying gate voltage only within
−0.24 V to−0.16 V. When Na = 1 × 1025 m-3, the voltage range for
which the device remains partially depleted also increases. Now it is
−0.3 V to 0.51 V. This expansion in the operating region for a higher
doping concentration is signiﬁcant for the bio-sensing experiment
which is described more speciﬁcally at the end of section 3.Fig. 4. (a) Threshold voltage Vs doping concentration. (b) Inversion charge and2.2. Fully depleted mode
With the increase of the gate voltage when the depletion width
reaches up to the centre of the nanowire, it becomes fully depleted.
After that, increase in the gate voltage increases the inversion charges.
Like partially depleted mode, inversion charges are neglected in
Poisson's equation for a nanowire operating in fully depleted mode of
the sub-threshold region too. To investigate the validity of this assump-
tion, we will show graphically how negligible the inversion charges
compared to the depletion charges in this fully depleted region. For
this purpose we can use the relationship between the inversion charge
density and gate voltage for a cylindrical surrounding gate MOSFET
derived from the charged based compact model [13].
Fig. 4(a) shows that, threshold voltage increases with the increase of
the doping concentration. Fig. 4(b) represents that, within the voltage
range of the fully depleted region, the inversion charge is negligible
compared to the ﬁxed depletion charges. Due to the assumption ofdepletion charge density Vs gate voltage for two doping concentrations.
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of Poisson's equation is same as it is for the partially depleted region
and so is the solution represented by Eq. (3). With the boundary condi-
tion dϕdr jr¼0 ¼ 0 and ϕ |r=0=ϕ0 we get C1 = 0 and C2 = ϕ0 from
Eqs. (2) and (3) respectively. So the electrostatic potential equation of
the fully depleted part of the subthreshold region looks like
ϕ ¼ ϕ0 þ
qNar2
4εsi
: ð7Þ
Now, from the relationship of oxide capacitance, gate voltage and
total charge per unit area inside the nanowire,
Cox Vgs−ϕms−ϕs
  ¼ qNaR
2
: ð8Þ
Here,
ϕs ¼ ϕ r¼R ¼ ϕ0 þ
qNaR2
4ε si
 ð9Þ
Combining Eqs. (8) and (9) it is found that,
ϕ0 ¼ Vgs−ϕms−
qNaR
2Cox
−
qNaR
2
4εsi
: ð10Þ
The gate voltage forwhich the partially depleted region ends and the
fully depleted region starts can be found by considering ϕ0=0 in
Eq. (10) and it is symbolized as Vgso.
Vgso ¼ ϕms þ
qNaR
2Cox
þ qNaR
2
4εsi
: ð11Þ
Fig. 5(a) and (b) shows the radial electrostatic potential curve plot-
ted using Eq. (7) for different gate voltages within the operating range
for the fully depleted mode of the subthreshold region.Fig. 5. Electrostatic potential in the fully depleted mode of the subthreshold region for differe
concentration, Na = 1 × 10 25 m−3.3. Results and discussion
3.1. Sensitivity analysis
The performance of a biosensor is denoted by a term called sensitiv-
ity. It is deﬁned as the relative change in conductivity due to the gating
effect of the external charge attachment caused by bio-molecule bind-
ing on the nanowire bio-functionalized surface. Let G0 is the nominal
conductance of the device and G is the conductance after charge is
attached to its surface. So according to thewidely used deﬁnition, sensi-
tivity of the nanowire biosensor is given by, S = (G−Go)/Go [7]–[10].
We know that, conductance, G = σA/L where σ is the conductivity of
the device, and A and L are the area and the length of the device respec-
tively. Our described potential model considers the electrostatic poten-
tial inside the nanowire varying only in the radial direction. As a result,
length L is invariant to the sensitivity analysis. Therefore instead of
calculating conductance, here we use a parameter named conductance
multiplied by length,
G 0 ¼ G L ¼ σA ¼ eμpA: ð12Þ
Here μ is the carrier mobility and p is the hole concentration.
From the Boltzmann distribution of carrier, hole density at a distance
r from the P type nanowire centre,
P rð Þ ¼ Na exp  eϕ rð ÞKT
 
ð13Þ
where, Na is the acceptor concentration, K is the Boltzmann constant
and T is the temperature in Kelvin scale. Then integrating the cross
sectional electron density in the cylindrical geometry using Eqs. (12)
and (13) we ﬁnd the following expression of conductance inside the
nanowire [6],
G0 ¼ eμNa
ZR
0
2πr exp
−eϕ rð Þ
KT
 
dr ð14Þ
using Eq. (14) and the radial electrostatic potential derived from differ-
ent depleted conditions of the subthreshold region discussed before went gate voltages (a) with doping concentration, Na = 1 × 1024 m−3 and (b) with doping
Fig. 6. Conductance Vs Gate Voltage in the partially depleted mode of the subthreshold region (a) for Na = 1 × 1024 m−3 (b) for Na = 1 × 1025 m−3.
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sensitivity analysis deals with the study of conductance change due to
the attached charges on the functionalized gate of the device, all the
analyses we perform here show these effect due to the change in gate
voltage in lieu of change in attached charges. It can be shown that the
event of charge attachment to the gate a FET device can be equivalently
modelled as the change in its gate voltage. Applying charge conserva-
tion principle between the charges of the gate surface and inner volume
of the nanowire,
CoxVox ¼ Cox Vgs−ϕms−ϕs
  ¼ Qin: ð15ÞFig. 7. Sensitivity Vs Gate Voltage in the partially depleted mode of the subthHere Qin is the total charge inside the nanowire. Then
Vgs ¼ QinCox þ ϕms þ ϕs ð16Þ
after an external charge attachment of Qext in the gate surface, Eq. (16)
can be rewritten as,
Vgs−
Qext
Cox
¼ Qin
Cox
þ ϕms þ ϕs: ð17Þreshold region (a) for Na = 1 × 1024 m−3 and (b) for Na = 1 × 1025 m−3.
Fig. 8. Conductance Vs Gate Voltage in the fully depleted mode of the subthreshold region (a) for Na = 1 × 1024 m−3 and (b) for Na = 1 × 1025 m−3.
60 M.B. Majumder et al. / Sensing and Bio-Sensing Research 7 (2016) 55–61Eq. (17) is nothing different from Eq. (16) but just a change in the
gate voltage, Vgs 0 ¼ Vgs− QextCox .
Now we intend to present the conductance as well as sensitivity
curves with respect to the gate voltage and explore their comparative
features.
From Figs. 6–9, We have shown conductance Vs gate voltage
and sensitivity Vs gate voltage relationship of our considered sensing
device for the partially depleted and fully depleted condition of the
subthreshold region each with two doping concentrations, 1024 m−3
and 1025 m−3. From the investigation of the curves in Fig. 6(a) and
(b), it is found that the sub-threshold slope of the conductance-gate
voltage curves of the nanowire sensor operating in the partially de-
pleted region with a lower doping concentration and higher doping
concentration is approximately 208 mV/decade and 800 mV/decadeFig. 9. Sensitivity Vs Gate Voltage in the fully depleted mode of the subthrerespectively. While in Fig. 8, the subthreshold slope of the
conductance-gate voltage curves of the device operating in fully deplet-
ed region for the same set of doping concentration is 60 mV/decade
which is the ideal one for the subthreshold region [10]. Nominal con-
ductance with Na = 1024 m−3 is G0 = 2.0106 ∗ 10−12 S and nominal
conductancewithNa=1025 is G0=2.0106 ∗ 10−11 S. The subthreshold
slope is an important parameter to assess the performance of a biosen-
sor. It deﬁnes howmuch gate voltage is required to change the conduc-
tance of the device by one decade.
3.2. Performance comparison
Comparing the sensitivity curves plotted in Figs. 7 and 9, it is found
that nanowire sensor is more sensitive in fully depleted condition forshold region (a) for Na = 1 × 1024 m−3 and (b) for Na = 1 × 1025 m−3.
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Fig. 7, it is evident that, sensitivity sustains some distinguishable values
throughout the whole partially depleted region. Sensitivity curves of
this ﬁgure also show a good degree of linearity. On the contrary, the
observation of Fig. 9 reveals that, sensitivity becomes saturated to a
level of 100% in the fully depleted case just after a little change in the
gate voltage because of having a very little conductance in comparison
to its nominal value. These ﬁndings can help biosensing experiment
to be more effective by biasing a nanowire sensor in the appropriate
depleted condition of the subthreshold region according to the basic
nature of the experiment. For example, in the level sensing experiment
like pH sensing, and blood-glucose monitoring, linearity in the
sensitivity-gate voltage curves of sensors is an important issue [9]. So
for this kind of experiment, where every point of the sensitivity curve
must have a distinguishable and linearly related values, nanowire sen-
sor should be biased in the partially depleted part of the subthreshold
region. In this regard, the highly doped device will allow measuring a
wide range of levels because the gate voltage range for the partial
depletion is greater for a heavily doped case which is also indicated in
this paper earlier. In other cases, where just the detection of the partic-
ular bio-molecules is of interest, we should bias the nanowire device in
the fully depleted part of the subthreshold region which has a steeper
sensitivity curve as well as greater sensitivity level.
4. Conclusion
The most effective region for biomolecules sensing with a nanowire
sensor is the subthreshold region. We have developed an analytical
model for the radial potential function in the subthreshold region.
The model explains sensor's performance in two sub-zones of the
subthreshold region; fully depleted and partially depleted which
shows a signiﬁcant difference in performance analysis. Our analysis
shows the signiﬁcance of different depleted conditions of a nanowire
sensor operating in the subthreshold region on different types of
biosensing experiment. Depending on the basic types of biosensing ex-
periment the device should be biased in the partially depleted or fully
depleted mode of the subthreshold region for effective sensing results.References
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